rent understanding of the impact of alcohol exposure on epigenetic mechanisms in the brain and refurbish the knowledge of epigenetics in the direction of new drugs development.
Introduction
The term 'epigenetics' has been used to describe events that could not be clarified by genetic principles. Historically, the term 'epigenetics' was coined by British biologist Conrad Waddington. According to Waddington, 'epigenetics' is the study of interaction between the genome and environment that causes heritable changes in the expression of genes, which occurs without any change in DNA sequence [1] . Epigenetics can also be described as an intermediate link between the genotype and phenotype, a phenomenon that changes the final outcome of a locus or chromosome without changing the underlying DNA sequence. These epigenetic alterations could be passed from the one generation to the other. Although, there is evidence for inheritance of epigenetic changes, there is little data which explain the exact mechanisms of epigenetics inheritance [2, 3] . The mechanism of epigenetics is used for information creation and its storage in response to a transient environmental signal. The epigenetic process is also helpful in cell differentiation, regulation of cell type, specific transcriptional programs, which produce remarkable heterogeneity of cellular transcriptome [4] .
Alcohol is one of the most commonly used addictive substances, and its persistent use can lead to the manifestation of tolerance, dependence, and finally addiction [5] . Several studies have demonstrated that both genetic and environmental risk factors can play a role in the manifestation of alcohol addiction [6] . Genetic studies in both humans and animal models of alcoholism have identified several genes that may be critical in the pathophysiology of alcoholism [7, 8] . From the numerous research findings, it is evident that the exploration of epigenetic mechanisms is a potential area of research for a better understanding of the molecular mechanisms of human diseases including psychiatric and alcohol use disorders (AUDs) [9] . In this study, we highlight the mechanism of different types of epigenetic changes, impact of alcohol on these epigenetic changes in the brain and beyond. In addition, we try delineating the potential epigenetic drug targets.
Epigenetic Mechanisms in the Brain and Impact of Alcohol
The brain is certainly one of the most complex biological organs that makes the organism to do much critical sensory and motor functions. It persistently adapts to environmental stimuli through regulated changes in gene expression. Chronic alcohol exposure leads to extensive changes in brain gene expression in humans and animal models, and there are evidences which indicate that many of these changes mediate the processes of cellular adaptations leading to addiction [10] . Over the years, the role of epigenetic processes in alcohol's effects on the central nervous system (CNS) has been understudied. Conversely, in recent years, there are numerous studies that suggest the important role of epigenetics in alcohol-related molecular and behavioral changes [10] . Different types of epigenetic mechanisms include DNA methylation, histone methylation, phosphorylation, ubiquitylation, sumoylation, and ADP ribosylation. In addition to histone modifications, adenosine triphosphate (ATP), adenine triphosphate-dependent chromatin remodeling, and regulation of gene expression by non-coding RNAs are other epigenetic mechanisms.
DNA Methylation
DNA methylation is a process that transfers a methyl group from S-adenosyl methionine (SAM) to a cytosine residue modifying it to 5-methyl cytosine. The process is catalyzed and maintained by enzymes called DNA methyltransferases (DNMTs). There are 3 main types of DNMTs that regulate DNA methylation. DNMT1 is located at the replication fork and maintains methylation of DNA strands which are newly biosynthesized, thus the enzyme is considered as a primary maintenance DNMT. Another couple of DNMTs, DNMT3A and 3B are mainly responsible for long-term memory formation, causing structural changes in DNA [11] . DNA methylation mainly takes place at CpG sites, nucleotide sequences consisting of a cytosine followed by a guanine. CpG dinucleotides are present in a lesser level throughout the human genome, but are found in high level in the areas called CpG islands which are located in the promoter region of genes near the transcription start site. A CpG island is defined as an area of DNA having at least 200 bp, where the content of GC is more than 60% [12] . DNA methylation promoter region is associated with gene silencing. DNA methylation within regulatory regions (i.e., promoters) of a gene has long been known to attenuate gene expression. However, more recently DNA methylation within the gene also has been shown to regulate tissueand cell-specific gene expression [13, 14] .
DNA Methylation and Its Neurological Implications
To date, several studies have produced abundant evidences for the role of DNA methylation in brain physiology and pathophysiology. For instance, a study has reported that DNA methylation results in the difference of the neuronal identity and regional functional specialization [15] . Similarly, DNA methylation (de novo) has been shown to prevent the premature expression of neural stem cells' (NSCs) association and alternate differentiation programs [16] . DNA methylation represses gene expression via the actions of a protein called methyl CpG-binding protein-2 (MeCP2), which selectively binds to methylated DNA, thereby blocking transcription. Mutations in MeCP2 have been linked to a neurodevelopmental disorder, the Rett syndrome [17] . A recent study has further proclaimed the important role of DNA methylation in neuronal health and function, in which the in vivo induction of apoptosis in motor neurons by toxic drugs or peripheral nerve lesions was associated with preapoptotic rise in the amounts of DNMT1 and DNMT3A in the cell nucleus [18] . In addition, the role of DNA methylation has been implied in several neurological dis-eases such as autism spectrum disorders [19] , Alzheimer's disease [20, 21] , schizophrenia, and bipolar disorder [22] [23] [24] .
Impact of Alcohol on DNA Methylation
DNA methylation proceeds under the catalysis of DNMTs, which transfer a methyl group from SAM to 5-methyl cytosine and produce S-adenosyl homocysteine (SAH) as an outcome of the reaction. SAH in turn acts as a potent inhibitor of DNMT, which catalyzes the methyl group transfer reaction. The resultant SAH from DNA methylation is then broken down by SAH hydrolase (SAHH) to form homocysteine, which can either enter a set of reactions called the trans-sulfuration pathway to form glutathione (GSH) or be remethylated to form methionine [25] . For remethylation of homocysteine, a methyl group can be transferred either from N5-methyl tetrahydrofolate by methionine synthase, or from betaine by betaine homocysteine methyl transferase ( fig. 1 ). Excessive ROS formation, which can occur during ethanol metabolism, acutely can deplete GSH. This could promote the transsulfuration of homocysteine to generate new GSH and thus divert the reactions from producing methionine and SAM, thereby decreasing DNA methylation. Thus, long-term alcohol consumption leads to substantial DNA hypomethylation as a result of significant reduction in tissue SAM [26] .
Several emerging evidences support the aggravating effect of alcoholism on DNA methylation. A foremost study reported that dietary changes could affect beverage alcohol consumption in rodents. Especially, diets deficient in vitamin B (folic acid and choline) increased the consumption of solution containing 10% alcohol in rats, whereas vitamin-enriched diets reduced it [26] . It is now well-known that folates and several other B vitamins are vital for one-carbon metabolism and the synthesis of a compound called SAM, which serves as the primary methyl group donor in most transmethylation reactions, including DNA methylation [27] . Hence, it can be legitimate to infer that dietary changes can affect alcohol consumption via changes in DNA methylation and methylation-regulated gene expression. In support of this notion, there are several studies that corroborated the influence of alcohol consumption on vitamin B and folate [27, 28] . Besides, alcohol can affect DNA methylation by other mechanisms also. The alcohol metabolite, acetaldehyde can induce inhibition of DNMT, thereby aggravating the normal functioning of DNA methylation. Alcohol-induced DNA damage and the resulting repair mechanisms can lead to demethylation of 5-methylcytosine nucleotides [29] . Both of these mechanisms can lead to reduced levels of methylation throughout the DNA (i.e., global DNA hypomethylation), a chromatin state associated with many pathological conditions, including cancer [30] . In addition, upon the chronic exposure of alcohol, several genes were observed to be affected and found to be aberrant in epigenetic mechanisms involving DNA methylation. For instance, the protein α-synuclein has been implied in alcohol craving, and both protein and mRNA levels of α-synuclein are high with chronic alcohol intake [31] . One of the encoding genes of α-synuclein is Snca. Epigenetic upregulation of α-synuclein, which can result from the decreased cytosine methylation in Snca promoter region, in the substantia nigra, is found to be associated with Parkinson's-like behavior in rats [32] . Methylation also affects transcription of a gene encoding an endogenous opioid called prodynorphin [33] . Prodynorphin is a hormone involved in brain signaling that influences a person's risk of alcoholism. A DNA variation (i.e., single nucleotide polymorphism) of this gene exists and overlaps with a CpG dinucleotide, which is subject to methylation. Methylation of this dinucleotide affects prodynorphin transcription in the prefrontal cortex of alcoholics [33] . Similarly, Htr3a promoter methylation [33, 34] , methylation process of genes involved in calcium regulation, Alzheimer's disease-associated pathways, muscle contraction processes [35] , and genome wide methylation processes are found to be aberrant in chronic alcoholism [36] .
Furthermore, studies on the central effects of prenatal alcohol exposure and on gene regulation in cell cultures observed that alcohol shows disparity in its action on different genes and tissues. In a study, prenatal exposure of rats to alcohol shown DNA hypermethylation and a reduced expression of a protein called brain-derived neurotrophic factor (BDNF) in olfactory bulbs of rat pups, along with the loss of neurons in brain region [37] . Similar molecular results were obtained in a separate study, where prenatal alcohol treatment of rats resulted in DNA hypermethylation and a decreased expression of a protein characteristically found in brain cells called astrocytes (i.e., glial fibrillary acidic protein (GFAP)) [38] . In neural cell cultures, alcohol-induced downregulation of cell-cycle genes was paralleled by a raised DNMT activity and hypermethylation of the promoters of those genes [39] . Conversely, a clinical study demonstrated that in alcoholic patients the degree of methylation at the promoter region of the gene encoding the NMDA2B receptor subtype (NR2B) during withdrawal negatively correlated with the severity of alcohol consumption [40] . Moreover, in primary cultured neurons, chronic intermittent ethanol exposure resulted in demethylation of a regulatory region of the NR2B gene, which was correlated with increased NR2B gene expression [41] .
Specific DNA methylation patterns differ among tissues and cell types, and these differences contribute to establishing the cell's epigenetic landscape, transcriptional programs, and defining cellular identity [42] . Although alcohol's general effects on DNA methylation may be uniform across various tissues, the specific genes affected by this regulation may differ depending on the cell type. The epigenetic regulation of such proteins as GFAP, which is a marker of astrocytes, and the NR2B subunit, which generally is expressed in neurons, suggests that alcohol-induced epigenetic changes will affect molecular markers of individual cell types to a greater degree than other proteins [42] .
Histone Modifications
Histones are the core protein components of chromatin complexes, and they provide the structural backbone around which the DNA wraps at regular intervals generating chromatin. The histone proteins (H2A, H2B, H3, and H4) are each composed of a globular domain and an unstructured tail domain [43] . Histones regulate DNA packaging, with an immense impact on the degree of chromatin compaction, influencing transcriptional activity and transcriptional silencing. Histone proteins are the second major target of epigenetic changes. Histone modifications are post-translational changes on the histone tails, which are flexible stretches of N or C terminal residues extending from the globular histone octamer.
A firm control of histone modifications in the CNS is of critical importance for maintaining neuronal cell viability, function, and connectivity. Histone modifications include methylation of lysine and arginine residues, acetylation of lysine residues, phosphorylation of serine, threonine or tyrosine residues, and ubiquitination of lysine residues present on histone tails, as well as sumoylation and ADP ribosylation.
Histone Methylation and Demethylation
Histone methylation includes addition of methyl groups to lysine and arginine residues of histone tails, while histone demethylation includes removal of methyl groups from lysine and arginine residues of histone tails. Histone methyltransferases (HMTs) and histone demethylases (HDMs) catalyze histone methylation and demethylation processes, respectively ( fig. 2 a) . Based on the target site, methylation can alter histones so that different portions of chromatin are activated or inactivated. In several cases, methylation and demethylation of histones produce dichotomous effect, methylation/demethylation can turn the genes in DNA 'on' and 'off', respectively, either by relaxing or encompassing their tails, thereby allowing or blocking transcription factors and other proteins to access the DNA. This process is critical for the regulation of gene expression that allows different cells to express different portions of the genome [44] . Histone methylation pattern brings certain stable yet dynamic complexity to the epigenome that can signal vast number of subsequent regulatory marks necessary for the control of transcription at the adult brain during long-term memory formation [4] .
Histone Methylation and Demethylation: Neurological Implications
Apart from its critical involvement in development, histone methylation remodeling is implied in nervous system also. In neurons, the major role of histone methylation/demethylation is likely to be in the transcriptional Acetyl-coenzyme A donates its acetyl group in this process and is changed to coenzyme-SH. Acetyl group neutralizes the positive charge of lysine residue and promotes decondensation of chromatin to initiate the transcriptional process. Conversely, in histone deacetylation process, acetyl group is removed from the lysine residues under the catalysis of HDAC enzyme. Loss of acetyl group from the lysine residues lead to chromatin compaction and transcriptional inactivation. For an instance, aberrant histone methylation at lysine residues has been found to be associated with several psychiatric disorders such as autism and mental retardation [45] . Similarly, histone methylation at GABAergic gene promoters by a certain HMT may be involved in prefrontal cortex dysfunction during schizophrenia [46] . An additional recent research report suggested the association of histone methylation in the regulation of memory formation [47] . Histone methylation, especially histone H3, has been associated with the expression level of neurotransmitter glutamate, which has been implied in schizophrenia [48] . A recent study in the neonatal mouse brain showed that G9a-mediated histone methylation regulates ethanol-induced neurodegeneration [49] . Similarly, several recent reports suggested the association of histone methylation with neurodegenerative diseases such as Friedreich ataxia, Huntington's disease, and Al- zheimer's disease [44] . Taken together, these studies suggest that histone methylation may play an important role in the preservation of neuronal function by regulating the expression of synaptic plasticity-associated genes.
Impact of Alcohol on Histone Methylation
Several studies have shown that histone methylation is substantially affected on alcohol exposure. For instance, chronic alcohol consumption in humans can result in global and gene-specific increases in H3K4 trimethylation in the brain cortex [10] , and either increase or decrease of this modification in promoters of specific genes in the hippocampus [50] . Recent evidence also shows that acute ethanol exposure alters dimethylation levels on lysines 9 and 27 of histone 3, which partially mediate ethanol's teratogenic effects in the brain [51] . The same research group also showed that ethanol exposure increases the levels of this mark in exon 1 of G9a, an HDM involved in alcoholinduced apoptosis [52] . Furthermore, epigenetic marks are emerging as major regulators of gene-by-environment interactions and have been implicated in the etiology of ethanol-induced neurodegeneration. Indeed, G9a-mediated increases of H3K9 and H3K27 dimethylation control proteolytic breakage of histones by caspase-3 and eventual neurodegeneration in the hippocampus and neocortex following acute, low-dose ethanol exposure [49] .
Histone methylation was also found to be associated with addiction. In a recent study, intermittent alcohol treatment altered methylation in the promoter region of cFos, Cdk5, FosB, and BDNF genes [53] . These genes were previously found to be associated with behavioral abnormalities characterizing drug addiction [54, 55] . Taken together, these studies suggest that histone methylation is a key player in the preservation of neuronal function. Understanding the alcohol impact on histone methylation could provide better insights into drug development for AUDs.
Histone Acetylation/Deacetylation
Histone acetylation is by far the most studied among histone modifications [56] . Histone acetylation includes addition of acetyl groups to lysines present in the N-terminal tails on the surface of the nucleosome, while histone deacetylation includes removal of acetyl groups ( fig. 2 b) [57] . Generally, histone acetylation promotes decondensation of chromatin and increases gene activity by negating the positive charge of lysine residues in histone tails and increases spacing between nucleosomes, and thus promotes recruiting transcription factors together with other transcription machinery proteins to DNA [58] . Therefore, increasing histone acetylation is usually associated with transcriptional activation. Conversely, histone deacetylation leads to a compact chromatin structure, preventing transcription factor binding [58] . Thus, decreasing histone acetylation is associated with transcriptional repression. Histone acetylation and deacetylation are highly regulated by 2 types of enzymes, histone acetyl transferases (HATs) and histone deacetylases (HDACs), which promote gene activation and gene repression, respectively. Both types of enzymes dynamically interact to regulate the remodeling of the chromatin architecture and gene expression [59] .
Histone Acetylation/Deacetylation: Neurological Implications Numerous studies produced abundant evidence for the role of histone acetylation in neurological functions. For instance, a few studies have indicated that regulation of histone acetylation is important while shaping memories in the hippocampus region of the brain [60] . In addition, aberrant histone methylation was found to be associated with age-dependent memory impairment in mice [61] . The machinery through which histone acetylation and eventual chromatin remodeling can be regulated is via a protein called cyclic-AMP responsive-element binding (CREB) protein. CREB protein helps to modulate the transcription of some genes by binding to a specific sequence on the DNA after it has been stimulated by phosphorylation. Phosphorylated CREB (pCREB) then employs another transcriptional co-factor called CREB-binding protein (CBP), which contains intrinsic HAT activity.
Besides CBP, another molecule called p300, catalyzes the remodeling of the nucleosome by transferring acetyl groups to histones, thereby causing the chromatin to exist in a relaxed conformation that is accessible for transcription machinery [62, 63] . CBP is a vital factor for both short-and long-term memory formation and consolidation [64] . A recent study in a mouse model of Alzheimer's disease expressing anomalous CREB function exhibited that ingestion of the CBP gene into the brain increased the levels of BDNF, which is associated with enhanced learning and memory [65] . A recent study further supported the important role of histone acetylation in neurodegeneration. The study examined global histone modifications in immunolabeled inferior temporal gyrus and middle temporal gyrus of post-mortem Alzheimer's disease brains compared with neurologically normal control cases. The study observed that in the Alzheimer's brain, histone H3 and H4 acetylation levels are significantly increased in the inferior temporal gyrus and middle tem-poral gyrus, but only in proportion to significant increases in total histone H3 and H4 protein levels. These observations were specific to regions of pathology implicated in Alzheimer's disease, as no significant changes were observed in the cerebellum [66] . Apart from this, numerous other studies are corroborating the potential role of histone acetylation in neurological implications.
Impact of Alcohol on Histone Acetylation/ Deacetylation
So far the effect of alcoholism on histone acetylation was found to be mediated by modifying the activities of the enzymes that add acetyl groups (i.e., HATs) or remove acetyl groups (HDACs). Numerous studies till now corroborated the definite role of histone acetylation in alcoholism. Even though there are myriad studies explaining alcohol-mediated effects on histone acetylation, the exact mechanisms underlying the influence of alcohol on gene expression are not clearly understood. One such suggested mechanism is the involvement of the transcription factor CREB, to which CBP can bind [65] . CBP has an intrinsic HAT activity and, when recruited by CREB, can promote transcriptional activation by acetylating histones [66] . CREB functioning is found to direct the expression of genes associated with alcohol addiction, such as BDNF, neuropeptide Y and activity-regulated cytoskeleton-associated protein (Arc) [67] . NPY mRNA levels were found to be reduced in the amygdala of alcohol-preferring (P) rats compared to alcohol non-preferring (NP) rats, implying that NPY has a role in anxiety-like and alcoholdrinking behaviors [67] . Direct infusion of NPY into the central region of amygdala (CeA) produced anxiolytic effects and reduced alcohol intake in P rats, which is likely increased by CREB phosphorylation in the CeA region of the brain [68, 69] . In addition, alcohol-preferring rats which were never exposed to alcohol showed reduced expression of other CREB target genes, such as BDNF and Arc in the CeA and medial amygdaloid region compared to alcohol NP rats [69] . Also, acute ethanol exposure raised CREB phosphorylation levels and the expression of BDNF and Arc in these amygdaloid structures of alcoholpreferring, but not in alcohol NP rats [70] .
Alcohol-induced alterations in histone acetylation are studied in the expression of several genes, including CBP, NPY [65] , FosB [53] , NR2B [69] , pronociceptin, and prodynorphin [70] . Both the amygdaloid pCREB and CBP levels are notably raised by acute ethanol exposure and decreased in rats undergoing withdrawal after chronic ethanol exposure. These findings suggest that changes in CBP levels may be implicated in the dynamic chromatin remodeling in the amygdala caused by acute and chronic ethanol exposures [67] . A key role of histone acetylation was observed in a recent study, in which the hyposensitivity to gamma-aminobutyric acid in the ventral tegmental area during alcohol withdrawal in mice was found to be mediated by HDAC [67] . Alcoholism is also suggested to be associated with neurodegeneration; indeed, in a recent study it was found that ethanol-induced acetylation of histone at G9a exon1 leads to neurodegeneration in neonatal mice [52] . Furthermore, in a study, histone acetylation was found to play a crucial role in regulating the transcriptional activity and contribute to the drug-induced alterations in gene expression and behavior. Similarly, a study found that ethanol treatment upregulates the HAT activity in adolescent prefrontal cortex and increases histone (H3 or H4) acetylation of the promoter region of genes cFos, Cdk5, and FosB [53] . Gene expression studies provide further evidence on the role of histone acetylation in alcoholism. The studies focused on brain changes in human alcoholics have shown a general downregulation of genes involved in histone acetylation and upregulation of genes promoting histone deacetylation [67] .
Similar to DNA methylation, alcohol's effects on histone acetylation are tissues, brain regions, and cell type specific. For example, alcohol-induced alterations in H3/H4 acetylation were found only in the central and medial, but not in the basolateral nuclei region of the amygdale [67] . In addition, the raised histone acetylation seemed to be specific to neurons [68] . In line with other studies, ethanol-induced behavioral sensitization was found to be associated with striatal HDAC activity decrease in a recent work [69] .
Additional factors that can affect alcohol-induced changes in histone acetylation include species, the organism's specific genetic makeup, age, the dose and route of ethanol administration, and duration of exposure. For instance, irregular alcohol exposure showed different effects on histone acetylation in adolescent and adult rats, with juvenile animals generally showing more changes [53, 69] . Similarly, alcohol exposure during the early postnatal period in rats resulted in a marked reduction of CBP levels and histone acetylation in the developing cerebellum [70] . In ddY mice species, chronic ethanol vapor treatment showed an increase in both global and gene-specific histone acetylation in the ventral midbrain during withdrawal that hiked around 10 h post-alcohol exposure [71] . Additionally, probable communications among various factors may result in different time courses for alcohol-induced alterations, as histone acetylation measured 24 h after the last repeated alcohol injections was raised in some brain areas (e.g., frontal cortex and nucleus accumbens), decreased in others (e.g., striatum), and unaffected in still other regions of the brain (e.g., hippocampus) [71] . Further activation of different genes is coupled with acetylation of different residues of H3 and H4 at various time intervals [72] .
Histone Phosphorylation
Histone phosphorylation is a transcription-activating modification achieved by protein kinases that catalyze the transfer of a phosphate group from ATP or guanosine-5 ′ -triphosphate (GTP) to the serine, threonine or tyrosine residue of histones. All 4 nucleosomal histone tails can be phosphorylated and can be induced by extracellular signals, DNA damage or entry into mitosis. However, the bestknown function of histone phosphorylation takes place during cellular response to DNA damage, when phosphorylated histone H2A(X) demarcates large chromatin domains around the site of DNA breakage. However, multiple studies have also shown that histone phosphorylation plays a crucial role in chromatin remodeling linked to other nuclear processes. Phosphorylated residues can have dissimilar effects on chromatin structure based on the situation in which it occurs. Phosphorylation of H3S10 and H3S28 is a fine example of this duality: both phosphorylated residues are involved in chromatin condensation associated with mitosis and meiosis, as well as in chromatin relaxation linked to transcription activation [73] .
Histone Phosphorylation: Neurological Implications
Histone phosphorylation is also associated with neurological implications. For instance, a recent study found an increase in histone H3 phosphorylation in neurons in specific brain structures (caudate putamen and mediolateral axis) in the status epileptic mice ( fig. 2 c) [74] . Similarly, long-term mental and pain stress on the neurons of the sensory motor cortex and midbrain reticular formation in rats with high excitability threshold found to exhibit higher basal level of H3Ser10 histone phosphorylation in the midbrain reticular formation neurons than rats with low excitability threshold [75] . There is a need for some more studies of histone phosphorylation, to establish its clear role in neurological implications.
Impact of Alcohol on Histone Phosphorylation
Impact of alcohol was also studied on histone phosphorylation. For instance, acute alcohol exposure in rats, was found to result in increased phosphorylation of histone H3 at ser-10 and ser-28, which in turn leads to transient activation of p38 [76] . In another work, acute and rapid intraperitoneal administration of ethanol was found to promote site-specific histone H3 phosphorylation at Ser10 and Ser28 in rat liver in vivo [77] . Similarly, in a more recent study chronic ethanol administration alone caused an increase in histone H3 ser10 and ser28 (H3S10 or S28) phosphorylation, and binge ethanol reduced their levels. This pattern of histone phosphorylation is also associated with differential induction of genes implicated in liver injury [76] .
Histone Ubiquitination
Histone ubiquitination (also ubiquitylation or ubiquitylation) is an enzymatic, post-translational modification process in which an ubiquitin protein is covalently attached to histone proteins. This process generally binds the last amino acid of ubiquitin (glycine 76) to a lysine residue on the histone protein. An isopeptide bond is formed between the carboxylic acid group of the ubiquitin's glycine and the epsilon amino group of the histone's lysine. Ubiquitination requires 3 types of enzymes: ubiquitin-activating enzymes, ubiquitin-conjugating enzymes, and ubiquitin ligases, known as E1s, E2s, and E3s, respectively ( fig. 2 d) [77] . Histone ubiquitination changes the chromatin structure and allows the access of enzymes involved in transcription. Ubiquitin on histones also acts as a binding site for proteins that either activate or inhibit transcription, and also can induce further posttranslational modifications of the protein. All these effects can modulate the transcription of genes [78] .
Among the histone proteins, histone H2A was the first protein identified to be ubiquitinated [79] . It is now known that H2A and H2B are 2 of the most abundant ubiquitinated proteins in the nucleus. In addition to H2A and H2B, core histones H3, H4, and linker histone H1 have also been reported to be modified by ubiquitin. But the biological function of these modifications has not been well elucidated [80, 81] . Ample studies provide insights into the roles of H2A/B ubiquitination in transcriptional regulation [82] . The mechanistic approaches through which histone ubiquitination affects chromatin structure are: it regulates the accessibility of DNA to the transcriptional machinery; ubiquitin moieties constitute signaling molecules which control the staffing of downstream regulators that activate or inhibit transcription; through trans-histone cross talk, histone ubiquitination acts as a prerequisite modification for other histone modifications that alter the structure and function of chromatin. In addition to transcription regulation, monoubiquitinated H2B is required for chromatin function in other ways. H2Bub is required for chromatin boundary integrity, and loss of H2Bub leads to the spread of other histone modifications [83] . Ubiquitination of histone H2B was also found to regulate the chromatin dynamics by enhancing nucleosome stability [82] .
Histone Ubiquitination: Neurological Implications
Histone ubiquitination is also associated with neurological implications. Indeed, a recent study found that bre1, a histone h2b ubiquitin ligase regulates the cell cycle and differentiation of neural precursor cells (NPCs) [83] . The study found that knockdown of the gene Bre1a in NPCs of the developing cerebral cortex suppresses proliferation and differentiation, suggesting that Bre1a is a multifunctional molecule that regulates both the cell cycle and differentiation of NSCs [83] . Some other study showed the implication of dysfunction of the ubiquitin proteasome associated with schizophrenia [84] . Further studies are required to know more about histone ubiquitination in neurological implications.
Impact of Alcohol on Ubiquitination
The effect of alcohol on histone ubiquitination has not yet been studied well, but still it could be legitimate to predict that alcohol can produce exacerbating effects even on ubiquitination. In a study of transcription profiling of post-mortem brains from subjects with a history of alcohol abuse or dependence, it showed abnormalities in ubiquitin signaling system [84] .
Histone Sumoylation
Sumoylation is another post-translational modification involved in diverse biological processes, including stress response, protein stability, cell cycle progression, apoptosis, nuclear-cytoplasm transport, and transcriptional control. Histone sumoylation can regulate transcriptional repression [85] . A study in this regard reports that histone H4 is modified by small ubiquitin-related modifier (SUMO) family proteins both in vivo and in vitro. H4 binds to the SUMO-conjugating enzyme (E2), UBC9, and can be sumoylated in an E1 (SUMO-activating enzyme) and E2-dependent manner. Also, the study reported that histone sumoylation mediates gene silencing through recruitment of HDAC and heterochromatin protein-1 [85] . Similarly, a study in Saccharomyces cerevisiae found that all 4 core histones are sumoylated, and it was also demonstrated that histone sumoylation sites were involved directly in transcriptional repression [86] . A recent research report also suggested the repressing effect of histone sumoylation. An in vitro study shows that sumoylation of the polycomb group protein L3MBTL2 facilitates the repression of its target genes. Lethal (3) malignant brain tumor like 2 (L3MBTL2) is an integral component of the polycomb repressive complex 1.6 and has been implicated in transcriptional repression and chromatin compaction [86] .
Although the repressing effect of sumoylation on transcription is well known, the exact mechanism through which it occurs is yet to be explored. A recent study made some progress in this regard; it showed how sumoylation mediates the gene repression without chromatin compaction. The study showed that sumoylation of H4 forces chromatin to adopt an open structure rather than a compact heterochromatin-like structure, indicating that sumoylation-mediated transcriptional silencing is not a direct result of chromatin condensation [86] . From a recent research findings, it was also proposed that sumoylation by human polycomb group protein 2 (hPc2) regulates the activity of lysine-specific demethylase 5B (KDM5B), which plays a key role in gene repression. hPc2 is a protein which enhances sumoylation [87] .
Histone Sumoylation: Neurological Implications
Sumoylation is also implicated in neurological functions. In a recent study, CREB sumoylation by the E3 ligase pias1 was found to enhance spatial memory [87] . In a similar work, it was reported that the protein expression levels of SUMO-modified substrates and several components of the sumoylation machinery are temporally and spatially regulated in the developing rat brain [87] . Similarly, sumoylation dysfunction was also found to be associated with schizophrenia [84] . Likewise, sumoylation has also been implicated in neurodegenerative diseases [85] . Furthermore, in a similar study, it was found that protein sumo/desumoylation equilibrium is unbalanced in a mouse model of Alzheimer's diseases at a very early stage of the pathology, implying the role of sumoylation in the Alzheimer's disease [86] .
Impact of Alcohol on Histone Sumoylation
There are very few studies that explored the effect of alcohol on sumoylation. In a recent study, ethanol feeding to mice was found to significantly reduce sumoylation in the liver tissue [87] . Similar result was found in another study, in which alcohol exposure in the normal and heat shock factor 2-deficient mice and cell systems was found to reduce the sumoylation in the brain [88] .
miRNA/Non-Coding RNA and Alcoholism
Besides the existence of miRNA, several types of noncoding RNA molecules exist, which have been shown to play critical regulatory roles in cell function [88] . Generally, the non-coding RNA binds to the complimentary sequences on the target mRNAs to repress translation, and thereby silence the gene expression [56] . The role of miRNA in alcoholism was also examined in numerous studies. A study by Pietrzykowski group provides confirmation for the association of non-coding RNA in alcoholrelated gene expression. The study demonstrated that alcohol upregulates the expression of non-coding RNA 9 (miRNA9) in rat brain, which culminates in miRNA9-dependant downregulation of big potassium channel variants with high sensitivity to alcohol. This mechanism is supposed to be linked to the progress of cellular tolerance and neuronal adaptation to alcohol [88] . Furthermore, a recent study discovered miR-29b, a novel target of ethanol in the developing cerebellar granule neurons [89] . Normally, the over expression of miR-29b renders neurons protection against ethanol-induced apoptosis. The study found that ethanol exposure suppresses miR-29b and induces neuronal apoptosis [89] . In a more recent study, simultaneous examination of miRNA and mRNA expression profiles in the frontal cortex of ethanol-treated mice and comparison with similar studies conducted in brains of human alcoholics revealed that activated expression of miRNAs correlates with activated expression of mRNAs rather than with mRNA downregulation in experimental mouse model [90] . Over expression of miRNA-30a-5p in the prefrontal cortex was found to control the transition from moderate to excessive alcohol consumption, showing the importance of miRNA in alcoholism [91] . Promising results from the above study and other numerous ongoing studies of miRNA, are paving the way for establishing miRNA as a novel therapeutic target for alcoholism.
Epigenetic Drug Targets
It comes as no surprise that the rapid advancement in neuropsychiatric/neuro-epigenetic research has led to heightened enthusiasm in the development and clinical implementation of pharmacotherapies aimed at targeting epigenetic modifications. While considering epigenetic drug targets, it is important to understand that epigenetic malfunctions, unlike genetic ones, are reversible. With properly identified targets and successful development of compounds against them, aberrant distribution of epimarks can be corrected or prevented. Obviously, the better understanding of the connection between alcohol consumption, epigenetic modifications, and illness and disease could lead researchers to develop medications or therapies for prevention or treatment. The following is a brief discussion of the current understanding of different epigenetic drug targets.
Epigenetic Drug Targeting DNA Methylation
Common motto of the drugs targeting DNA methylation would be usually to attenuate the DNA hypermethylation either by inhibiting DNMTs or promoting DNA demethylation. Sometimes the drugs targeting DNA methylation could exhibit tissue and gene-specific actions, that is, either the drug may promote DNA methylation or reduce the DNA hypermethylation [92] . DNA methylation is an excellent target for anticancer therapies, as cancer generally associates with highly disrupted methylome. Numerous studies in preclinical and clinical setting are underway, targeting DNA methylation as a drug target for anticancer interventions. Some drugs are available in the market currently. For instance, DNMT inhibitors, 5-azacytidine and its variant 5-aza-2 ′ -deoxycytidine both were approved for the treatment of higher-risk myelodysplastic syndrome [58] . Apart from cancer, there are some studies, which are still in their infancy, which target neurological and other implications. It is even legitimate to predict that preventing DNA hypermethylation could also be beneficial to neurological and other implications. Studies in this regard support this notion. For instance, a recent study in rats examining the effects of olanzapine on genome-wide DNA methylation in the hippocampus and cerebellum showed that widespread and tissue-specific changes in genome-wide methylation could mediate the activity of olanzapine while treating schizophrenia [93] . These examples raise the possibility that the mechanisms of action of certain approved drugs may involve previously uncharacterized epigenetic processes. In addition, there is a clinical study employing a dietary supplement, creatine monohydrate for targeting DNA methylation to treat Rett syndrome [93] . Rett syndrome is a neurodevelopmental disorder that shows anomalies in methyl MeCP2, which is essential for the DNA methylation process, to discharge its effects. DNA methylation seems to be the target in dealing with alcoholism, indeed a recent study supports this perception. The study found that inhibiting the activity of DNMT with systemic administration of the FDA-approved drug, 5-azacitidine prevents excessive alcohol consumption in mice [94] .
Drugs Targeting Histone Acetylation/Deacetylation
Owing to the myriad studies, histone acetylation/deacetylation has now become a well-established histone modification to target upon. The main theme of targeting histone acetylation is to increase the acetylation by employing HDAC inhibitors (HDACi). HDACi are now being used routinely in the clinic to treat a variety of human illnesses, including numerous cancers, parasitic infections, and inflammatory diseases. Indeed, 2 HDACi, vorinostat and romidepsin, were approved by the FDA for the treatment of advanced cutaneous T-cell lymphoma. In addition, there is a group of HDACi in different phases of clinical studies for various neurological indications, such as nicotinamide for Friedreich's Ataxia (NCT01589809), sodium valproate for Rubinstein-Taybi Syndrome (NCT01619644), and Vorinostat for Neimann-Pick Disease [95] .
Apart from cancer, these HDACi also show strong neuroprotective potential [58] . In a recent study, systemic treatment with several HDACi was found to reduce mice binge-like alcohol drinking [96] . The same result was reproduced even with FDA-approved HDACi vorinostat (SAH) [96] . Furthermore, the activity of HDACi was also found to be specific to alcohol intake, indicating that HDACi can be used to treat harmful effects of alcohol abuse. The applicability of HDACi was further strengthened by a recent study, in which HDACi valproic acid reduced ethanol consumption and ethanol-conditioned place preference in rats [97] . The study implicated HDAC inhibition in the behavioral and reinforcement-related effects of alcohol and raised the question of whether specific drugs that target HDAC could potentially help in dealing with alcoholism in humans.
Drugs Targeting Histone Methylation
The clinical potential of drugs that can intervene with the regulation of histone methylation is largely unexplored. As HDACi, a group of HMT inhibitors is being studied; they are expected to be explored for neurological indications in the near future [98] . From the numerous studies, it is found that histone methylation is crucial for drug addiction [99] . An attractive drug candidate is BIX-01294, which is an inhibitor for the histone H3K9-specific methyltransferases G9a and Glp84. BIX-01294 attenuates neuronal gene expression [100] and, when given directly into the ventral striatum (a vital structure in the brain's addiction circuitry), robustly increases the development of reward behaviors in mice exposed to the stimulant drug cocaine [101] . Furthermore, it needs to be determined whether BIX-01294 elicits learning and memory-enhancing effects outside of the stimulant addiction paradigm. However, it is interesting to note that the drug's mechanism of action could, at least in part, involve the inhibition of G9a-and Glp-mediated repressive chromatin remodeling at the promoters of Bdnf, Cdk5, Arc, and other genes that function as key regulators for spine density and synaptic connectivity in the mouse brain.
Conclusion and Future Perspectives
The field of neuroepigenetics is evolving at a rapid pace. We now understand more about the neural mechanisms that mediate the reversible and bidirectional regulation of DNA methylation and various histone modifications. Now, it is evident that epigenetic changes can play an important and complex role in the neuroplastic changes associated with alcohol and other substance addiction. Presently, DNA methylation, histone acetylation, and methylation are by far the most substantially studied epigenetic mechanisms. Indeed, drugs targeting these epigenetic mechanisms are in different phases of development, preclinical, clinical and in the market. However, there is no such drug approved, which targets epigenetic mechanisms and is indicated for alcohol or other substance addiction. The major drawback of drugs targeting epigenetics is their lack of specificity. As we learn more about the epigenetic mechanisms, we are now beginning to truly appreciate the biological complexities of human psychiatric illness associated with alcohol addiction and are starting to gain a better understanding of how to clinically treat these disorders based on their molecular and biochemical attributes. The developing technologies such as epigenetic editing, can allow us to direct the activity of epigenetic enzymes towards specific genes, and has the potential to bring epigenetic-based interventions to a completely new level in the near future.
